Published on 27 August 2010. Downloaded by University of Texas Libraries on 5/4/2022 9:51:45 PM.

PAPER

View Article Online / Journal Homepage / Table of Contentsfor thisissue

www.rsc.org/pccp | Physical Chemistry Chemical Physics

Computational study of lanthanide(i1) hydrationf

Jan Ciupka, Xiaoyan Cao-Dolg, Jonas Wiebke and Michael Dolg*

Received 20th May 2010, Accepted 23rd July 2010
DOI: 10.1039/c0cp00639d

Lanthanide(i1) hydration was studied by utilizing density-functional theory and second-order
Moller—Plesset perturbation theory combined with scalar-relativistic 4f-in-core pseudopotentials and
valence-only basis sets for the Ln™ jons. For [Ln™(H,0),}* (& = 7, 8, 9) and [Ln"(H,0),_,-H,O* "
(h = 8, 9) molecular structures, binding energies, entropies and energies of hydration as well as
Gibbs free energies of hydration were calculated using (8s7p6d3f2g)/[6s5p5d3f2g] basis sets for Ln™
and aug-cc-pV(D,T)Z basis sets for O and H in combination with the COSMO solvation model.

At the generalized gradient approximation level of density-functional theory a preferred hydration

number of 8 is found for La™-Tm™ and 7 for Yb™-Lu', whereas hybrid density-functional theory
predicts a hydration number 8 for all Ln™. At the SCS-MP2 level of theory the preferred hydration
number is found to be 9 for La™-Sm' and 8 for Eu™-Lu" in good agreement with experimental

evidence.

1. Introduction

Since the civil use of nuclear power generation is accompanied
by problems regarding the disposal of nuclear waste! and
recycling of spent nuclear fuel® the aqueous chemistry of
lanthanide as well as actinide ions, especially in lanthanide—
actinide and actinide—actinide separation processes, has received
special interest.® This is due to the fact that modern separation
methods rely on two-phase solvent extraction and ion exchange
often involving an aqueous phase.* Current used nuclear fuel
work-up starts with the PUREX® process to separate out
uranium and plutonium. The remaining highly radiotoxic
liquid waste contains long lasting radioactive minor actinides
Np, Am and Cm that prohibit economical and ecological long
term storage.” In order to reduce the radiotoxicity of the liquid
waste in the future, neutron irradiation poses an alternative to
transmute the minor actinides into nuclides with shorter
radioactive half-life. At this step of processing the separation
of lanthanides and actinides is indispensable since lanthanides
(Gd, Eu and Sm) have high neutron capture cross sections and
therefore more likely absorb the neutrons® than the actinides.
Understanding the hydration of lanthanides as well as of
actinides in terms of calculating relative stabilities, complexa-
tion constants and selectivity factors™”® is therefore crucial to
the development of new ligands in future extraction processes.

As there are numerous experimental and theoretical studies
on the lanthanide hydration only a brief overview can be
given here. Since the thermodynamically most stable oxidation
state of the lanthanides in aqueous solution is +1r’ almost
all work in this field is concerned with this oxidation state.
The hydration of Ln™ has been mainly investigated by neutron
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diffraction (ND),'*!*> X-ray diffraction (XD)'®?! and extend
X-ray absorption spectroscopy (EXAFS).*>?* Reported
hydration numbers are 9 for La™Pm™ and 8 for Tb™—Lu™,
whereas for Sm"™-Gd"™ non-integral hydration numbers indicate
a gradual change from 9 to 8. Average Ln"-O distances vary
within +3 pm depending on Ln™, counterion and method of
determination; yet the general trend of decrease in Ln™-O
distances from La™ to Lu", i.e. the lanthanide contraction is
reasonably well reproduced.

When the Ln™ hydration is treated computationally,
problems arise due to the large number of electrons involved (I),
the importance of relativistic effects (II) and the open f-shell
(I1T) of the lanthanides. Most investigations use pseudopotentials
(PPs) in combination with density-functional theory (DFT) to
somewhat overcome (I) and (IT) and, in case of use of f-in-core
pseudopotentials, also (IIT). The majority of theoretical investi-
gations is concerned with thermodynamic features and the
molecular structures of [Ln™(H,0),]** (h = 8, 9) for selected
lanthanides like Ce,” La,”® Lu,***’ Gd,® Nd* and Yb.”
Ln™-O distances are in some cases calculated too long
probably due to the neglect of bulk solvation effects.*® Electronic
structure investigations of preferred hydration number are
only available for Nd* and Yb.** Calculated values for AGY,
can deviate from experimental results up to 100 kJ mol™"
depending on the scheme of calculation and the choice of
reference experimental data.

To our knowledge there is no computational study for all
trivalent lanthanide ions in solution that addresses molecular
structure, preferred hydration numbers, thermodynamic
properties and Gibbs free energies of hydration. Such results
have recently been published by some of the present authors
for the actinides.>® We therefore report the first systematic
quantum chemical study of Ln" in solution by first principles
that is concerned with all the before mentioned points. Our
approach is to model poly-aqua lanthanides [Ln"(H,0),]**
for h = 7, 8, 9 to address questions regarding molecular
structure and binding energies. To account for the influence
of higher hydration shells, the polarizable continuum model
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COSMO*'? was used to calculate Gibbs free energies of
hydration and preferred numbers of water molecules in the
first hydration shell. In combination with the Ln™ ions we used
scalar-relativistic 4f-in-core pseudopotentials®® together with
DFT and perturbation theory methods. In the concept of
f-in-core PPs for Ln™, all electrons with a principal quantum
number smaller than 5 are included in the PP core and are not
treated explicitly. This results in effective 8-electron system
with the occupation 5s>5p®5d%6s” for Ln™. Besides the greatly
reduced computational cost the problem of capturing static
correlation® is circumvented since the open f-shell is con-
tained in the PP. Since accurate ab initio methods that treat
static and dynamic correlation in combination with geometry
optimizations are not feasible for systems like [Ln"(H,0),]>*
with up to nine water molecules due to the high computational
effort the use of large-core PPs together with the formal single-
reference DFT approach seems reasonable, as it has been
demonstrated before.¥>-°

2. Computational details

Our computational approach to describe Ln'™ hydration is
based on the thermodynamic cycle (¢f. Fig. 1) proposed by
Bryantsev, Diallo and Goddard.?” The procedure is as follows:
Firstly, geometry optimizations of [Ln"(H,0),]> " for i = 7,
8,9, of [Ln"(H,0),_;-H,O* for & = 8, 9 and of (H,0), for
h = 17,8, 9 (initial structures taken from the work Sadlej et a1.38)
were carried out in the gas phase. Based on the resulting
molecular structures the gas phase binding energies Dy including
zero point energy (ZPE) correction were calculated. In order
to determine the hydration energies AEy and Gibbs free
energies of hydration the influence of higher hydrations shells
upon hydration was approximated by single-point energy
calculations of the above mentioned species with their fixed
gas phase molecular structure within the COSMO-SCRF
(self-consistent reaction field). The hydration energy can be
viewed as the ZPE-corrected electronic energy necessary to
move Ln" from a fixed position in gas phase to a fixed position
in liquid phase. Then,

AEH = _DO + AESCRF
= —Dy + Escre((Ln"(H0),]' ") — Escre((H:0),) (1)

where Escrp is the difference between the energy within the
COSMO-SCREF and the gas phase energy. When considering
the Gibbs free energy of hydration not only electronic but also
thermodynamic contributions like entropies and enthalpies

A0 10—
A ging - AG

Lnd*(g) + (H,0)(g) » [Ln(H,0), " (g)

AGE (Ln*) AGH((120),) AG5(|Ln(H0),*)

Ln**(aq) + (11,0)(aq) P |Ln(L10)5 [ (aq)

Aoy,

Fig. 1 Underlying thermodynamic cycle for the treatment of the Ln™"

hydration.

need to be considered. Therefore the Gibbs free energy of
hydration can be written as

AG} = AH, — TAS,

~ H

[Ln(HZO)h]H(aq) B Hin”

— Hin,0),(a0) = TASY
(2)

where AS}; denotes the hydration entropy, thus the change in
absolute entropy of all involved species when transferring Ln™
from gas to liquid phase. AH° denote the absolute enthalpies
that constitute of electronic, translational, rotational and vibra-
tional contributions. As pointed out by Goddard et al.>” when
applying the proposed thermodynamic cycle (¢f. Fig. 1) it is
necessary to include correction terms that arise from different
standard states in gas and liquid phase. Therefore the correc-
tion terms AG°~° in the upper part of the thermodynamic cycle
accounts for the Gibbs free energy of change of 1 mol ideal
gas from 1 atm (24.46 L mol™') to 1 M (1 Mol L™') at
298.15 K37

(2)

Vi
AG'™® = ~TAS"™ = RTn (7‘)) = RTIn(24.46)  (3)
The second correction term AGI(E;’O” account for the Gibbs free
energy of change of 1 mol of (H,0), gas from 55.34/h M liquid
state to 1 M (at 298.15 K):*7

55.34
AG(i50), = —RTIn (T ) (4)

In order to make a quantitative statement about the
preferred hydration number of Ln™ the transfer

[Ln(H20), - Hy0™" (aq) = [Ln(H20),,,]*" (aq) (5)
was considered. In the case of a negative Gibbs free energy
of addition AE..,s for eqn (5), the higher hydration number
h + 1 is preferred over & and vice versa for positive values
of AEtrans-

All calculations at the DFT level of theory were performed
with the TURBOMOLE v. 5.10 program package.*® At the
MP2 level of theory the geometry optimization were also
carried out with TURBOMOLE while single point energy
calculations with larger basis sets were done with the
MOLPRO 2006.1 program package.*! For Ln™ the scalar-
relativistic energy-consistent 4f-in-core PPs* in combination
with the Ln™ valence-only (6s6p5d)/[4s4p4d] GTO basis sets*?
with additional 2, 1 and 1 diffuse s, p, and d functions, and 3 f
and 2 g polarization functions, i.e. (8s7p6d3f2g)/[6s5p5d3f2g]
basis sets, were used. For all calculations at the DFT level the
aug-cc-pVDZ basis set**** was chosen for H and O since it
proved to be sufficiently accurate’®* for a description of
[Lo"(H,0),]* ", [Ln"(H,0),_;-H,O* and (H,0)j,. Previous
investigations indicate that diffuse basis functions at H and O
are generally more important than polarization functions with
larger angular momentum so that the use of aug-cc-pVDZ
basis sets delivers results that are very similar to results
achieved with cc-pVQZ basis sets regarding Ln™-O distances,
binding energies and basis set superposition error (BSSE).*
Test calculations on [Ln"(H,0)]* showed that the BSSE is
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below 0.05 eV when the aug-cc-pVDZ basis set is used. In
contrast to that the BSSE exceeds 0.35 eV when a similar basis
set without diffuse functions is used. At the MP2 level of
theory the aug-cc-pVDZ basis sets for H and O were used
for geometry optimizations whereupon single-point energy
SCS-MP2% calculations with the aug-cc-pVTZ basis sets
followed.

For DFT, the GGA functional BP86*’>! and the hybrid
functional B3LYP*#%303 were used since the former is
expected to yield good unscaled vibrational frequencies®* at
advantageous computational costs, and the latter being one of
the most successful hybrid functionals incorporating pure
HF exchange. For a wavefunction-based perturbational treat-
ment of the Ln™ hydration the SCS-MP2 by Grimme*®
as implemented in MOLPRO was used for single-point
energy calculations only where the Is electrons of O were
not correlated. For the quadrature of DFT exchange—correlation
terms the m4 grid implemented in TURBOMOLE was taken
as default for all calculations.®> SCF thresholds were fixed to
1077 Hartree for the energy and 10~ a.u. for the maximum
norm of Cartesian gradient. Geometry optimizations were
carried out without symmetry constraints, i.e. point group
symmetry was set to C;. True minima on the potential energy
surface (PES) were validated by analytical frequency analysis
using TURBOMOLEs AOFORCE module. All obtained
vibrational frequencies were left unscaled. Regarding nuclides
masses>® only the isotopes with the highest natural abundance®’
were taken into consideration (except Promethium for which
the isotope "*’Pm was considered). The gas phase entropies of
Ln™ needed in the calculation of AG}, were taken from the
work of Bratsch and Lagowski® (¢f. Table 1) who used a
modified Sackur-Tedtrode equation that includes a term for
the additional electronic entropy caused by the degeneracy of
the eletronic state® of each lanthanide ion.

Thermodynamic contributions of the molecular structure
through vibration and rotation as well as absolute entropies
were calculated using the module FREEH contained in the
TURBOMOLE package assuming that the treated species
form an ideal gas/solution. The temperature and pressure were
set to T = 298.15 K and p = 0.1 MPa, respectively.

Table 1 Reference Ln"™ Gibbs free energies of hydration AGy
(in kJ mol™"), reference calculated hydration numbers 7, COSMO
PCM cavity radii rcosmo (in pm) and the gas phase entropies for the
trivalent cations S‘I;,“S(Ln3+ (inJmol™' K1)

Lnlll h60 AG?_I()O FCOSMO S;'L‘S(Ln3+)58
La 9.00 3060.7 203.92 170.28
Ce 9.00 3112.4 200.53 185.28
Pr 9.00 3155.6 197.79 188.72
Nd 9.00 3183.0 196.08 189.89
Pm 8.99 3210.4 194.41 189.10
Sm 8.94 3228.3 193.33 186.54
Eu 8.71 3278.8 190.35 181.18
Gd 8.27 3291.7 189.61 189.11
Tb 8.05 3331.0 187.37 193.28
Dy 8.01 3336.5 187.07 195.29
Ho 8.00 3381.7 184.57 195.98
Er 8.00 3404.1 183.35 196.65
Tm 8.00 3431.4 181.89 194.04
Yb 8.00 34733 179.70 190.31
Lu 8.00 3487.7 178.96 173.16

All single-point energy calculations within the COSMO
polarizable continuum model (PCM)*!'*? were carried out
with permittivity set to infinity while all other parameters were
set to their default values. Cavity radii for H and O were set to
130 and 172 pm, respectively, as recommended.?' Since no
recommended values exist for the Ln'" ions, these were derived
by the following procedure: The Ln" ion was calculated with
and without the COSMO PCM at the DFT-BP86 level of
theory and the energy difference was used to approximate the
Gibbs hydration free energy. Then the COSMO cavity radius
r was varied so that the energy difference Eys — Ecosmo
matched the experimental values for the Gibbs hydration free
energy taken from the work of David, Vokhmin and Ionova.®
The obtained cavity radii for Ln™ as well as the reference
values for AGY; are found in Table 1. This parameterization
may seem too simplistic, yet investigations revealed that the
choice of r does not influence calculated energies of Ln"—aqua
systems within the COSMO PCM as long as rcosmo 1S not set
to an artificially high value so that the cavity sphere of Ln™
extends beyond the cavity sphere spanned by the surrounding
H and O.*° Since radii adjusted at the MP2 level of theory
deviate less than 1 pm from those obtained with DFT-BP86,
the latter were also used for all MP2 calcualtions. For calcula-
tions within the COSMO PCM at the SCS-MP2 level of
theory the PTE (perturbation theory energy only) approach
was chosen since it is the only one formally consistent
with second-order perturbation theory.®'®? In this approach
a normal SCS-MP2 calculation is performed on the HF
wave function within the COSMO so that the reaction field
(response of the solvent) is still at the HF level.

3. Results and discussion
3.1 Ln"-aqua structural aspects

Concerning structural aspects of the primary hydration shell
only the most stable structural isomers are considered in the
following discussion. For the hydration number # = 7 the
slightly distorted 1-capped trigonal prism 1 was found to be
preferred over the pentagonal bipyramid. This result is
also found for the corresponding complexes of the trivalent
actinides.*® For i = 8 the preferred structure for all lanthanides
is a square antiprism 2 with an approximate point group
symmetry Sg. Other conceivable structural isomers like the
square prism or the dodecahedron were found to be energeti-
cally less stable points on the PES (potential energy surface)
with imaginary frequencies. When hydration number 7 = 9 is
considered only the 3-capped trigonal prism 3 with point
group symmetry D3 was found as PES-minimum. These findings
are in line with other theoretical investigations that find the
square antiprism>%?%2 (5 = 8) and the 3-capped trigonal
prism?>?"2° (, = 9) as energetically most stable structures.
Since there is no experimental evidence for higher or lower
numbers of water molecules in the first hydration shell of the
trivalent lanthanide ions, no further investigation on struc-
tures of such complexes was performed.

The general observation is that the structural parameters of
1, 2 and 3 (¢f. Fig. 2) vary monotonically with the primary
hydration number / and the nuclear charge Z such that the
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1 h=7

2 h=38 3 h=9

Fig. 2 [Ln"(H,0),]’ " calculated gas phase structures. The distorted
1-capped trigonal prism 1, the square antiprism 2 and the 3-capped

trigonal prism 3 have 7, 8 and 9 water molecules in the first hydration
shell.

mean Ln"-O distances decrease with increasing Z and
decreasing & (cf- Table 1, Fig. 3). With increasing Z the mean
Ln™-O distance dy ,o decreases by 20.9 pm (& = 7), 19.9 pm
(h = 8)and 18.3 pm (h = 9) for DFT-BP86 and by 21.1 pm
(h =17),20.2 pm (h = 8) and 19.6 pm (& = 9) for MP2 levels
of theory. When using small core pseudopotentials (SPPs)%* ¢
a decrease of 21 pm is obtained at DFT-BP86 for i = 8. These
values are in line with relativistic studies of the lanthanide
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Fig. 3 Mean Ln"-O distances dy o for [Ln""(H,0),*" systems at
the DFT-BP86 (top) and MP2 (bottom) levels of theory; increasing
dino error bars are caused by non-symmetry equivalent Ln'"-O
distances that deviate from the total average value; experimental
values from EXAFS and X-ray spectroscopy are taken from the work
of David and Fourest.”

contraction®®®’ as well as with relativistic all-electron studies

on [Ln"(H,0)** systems.®®

The bonding situation in these complexes can be described
as mostly electrostatic since Mulliken and natural charges of
+2.2to +2.9and +2.65to +2.55, respectively, are found for
the lanthanide ions. Mulliken charges suggest more ionic
bonding towards higher numbers of Z which is observed in
form of less charge donations from the water and thus higher
effective charges on the lanthanide ions. Since Mulliken
charges are known to be of limited validity’® natural charges
based on a natural population analysis (NPA)”' were also
calculated. These support the general idea of a highly electro-
static bonding situation, yet the trend of increasing ionic
bonding with increasing Z cannot be confirmed since natural
charges for all lanthanide ions remain between +2.65 and
+2.55. Therefore only the character of a highly electrostatic
bonding but neither the trend of increasing nor decreasing
covalent bonding with water ligands along the lanthanides can
be confirmed. If covalent bonding is present in [Ln™(H,0),]* *
species this is due to participation of the 5d- rather than
4f-orbitals®® since the less compact 5d-orbitals are vacant in
the free trivalent ion and therefore a donation from the H,O
3a; orbital is possible,68 however quantitative statements
cannot be made based on the obtained data. Yet the fact of
a minor role of the f-orbitals in ligand bonding justifies the use
of large f-in-core PPs a posteriori. We note here that due to the
adjustment of the f projector the 4f-in-core PPs can accept
some excess electron density in the 4f-shell, i.e. a ligand to Ln
4f charge transfer could occur to some extent.

In comparison with neutron diffraction (ND),lmls X-ray
diffraction (XD)'® %! and extend X-ray absorption fine struc-
ture spectroscopy (EXAFS)*>2* data, the calculated Ln"-O
distances (c¢f. Table 2, Fig. 3) are systematically overestimated
by DFT methods, but the general trend with increasing Z is
well reproduced. The overestimation of Ln"-O distances is
mainly ascribed to the neglect of bulk solvation that could be
addressed by either explicit inclusion of higher hydration shells
or by use of a continuum solvation model during the geometry
optimization process.”>”* Both possibilities lead to difficulties
which are not straightforward to overcome, i.e. the multiple

Table 2 Mean Ln'"-O distances djqo for [Ln"(H,0)," at the
DFT-BP86 and MP2 levels of theory (in pm)

DFT-BP86 MP2

h = h =28 h=29 h =71 h =28 h=9

La 255.0 258.0 261.8 253.5 256.1 259.1
Ce 252.9 256.0 259.8 251.3 254.0 257.1
Pr 250.9 254.1 258.1 249.3 252.0 255.1
Nd 249.1 252.4 256.4 247.5 250.3 253.5
Pm 247.4 250.7 254.9 245.8 248.6 251.8
Sm 245.8 249.2 253.5 244.1 247.0 250.3
Eu 244.2 247.7 252.1 242.5 245.5 248.8
Gd 242.9 246.3 250.8 241.1 2441 247.5
Tb 241.6 244.9 249.5 239.7 242.7 246.2
Dy 240.0 243.6 248.4 238.2 241.4 2449
Ho 238.6 2423 247.2 236.9 240.1 243.6
Er 237.3 241.1 246.1 235.6 238.9 242.4
Tm 236.1 240.0 245.1 234.4 237.8 241.3
Yb 234.9 238.8 244.1 233.1 236.6 240.2
Lu 234.1 238.1 243.5 232.4 235.9 239.5
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4 h—-1=7

explicit treatment of the 2nd hydration shell is necessary to
obtain an accurate structural representation of the solvated
lanthanide ions. However we believe that problems of finding
and the consideration of several important minima structures
to account for dynamic effects in solvation make the explicit
modeling of higher hydration shells quite unfavorable in
the comparison with only modeling the 1st hydration shell
explicitly and using a continuum solvation model. The lower

Published on 27 August 2010. Downloaded by University of Texas Libraries on 5/4/2022 9:51:45 PM.

structural complexity in the latter case makes it much easier to
find the global minima. Hence the following discussion
of binding energies, hydration energies and entropies as
well Gibbs free energies of hydrations is addressed to
[Ln"(H,0),]*" systems with only the Ist hydration shell
treated explicitly. Due to the similarity of the DFT-BP86
and DFT-B3LYP results, the latter are not discussed here
explicitly but the corresponding data can be found in the
electronic supplementary information (ESIf).

Fig. 4 [Ln"(H,0),_;-H,O" calculated gas phase structures with
h — 1 water molecules in the 1st and one water molecule in the 2nd
hydration shell.

minima problem and convergency problems, respectively. As
an approximation to the higher hydration shells, the systems
[Ln"(H,0),_;-H,OP " (h = 8, 9) with & — 1 water molecules
in the first hydration and 1 water molecule in the second
hydration shell were considered. The [Ln"(H»0),_;-H,O]* "
complexes were modeled by taking the corresponding
[Ln"(H,0),_,]*" systems and let an additional water molecule
coordinate two water molecules in the first hydration shell in
an n? fashion. As most stable structures 4 and 5 were found
(cf. Fig. 4). Depending on the DFT functional and / there is a
decrease in the mean Ln"-O distance dj ,0 of up to 0.7 pm if
one water molecule is present in the 2nd hydration shell. This
is due to significantly shorter Ln™-O distance for the two
water molecules in 1st hydration shell that are coordinated by
the one in the 2nd hydration shell. The decrease of dy ,o with Z
for [Ln'”(H20)h,1vH20]3+ at the DFT-BP86 level of theory is
20.7 pm and 19.9 pm for &7 = 8 and & = 9, respectively.
When going to the MP2 level of theory mean Ln™-O
distances dy .o are shorter for [Ln"(H,O0), '™ (h = 7, 8, 9)
systems than any calculated DFT values (¢f. Table 2, Fig. 3)
so that the overestimation in comparison to experimental
results® is fairly small. Obviously, the neglect of bulk solva-
tion effects at this level of theory does not lead to significantly
different geometric parameters from those experimentally
observed. When considering [Ln"™(H,0),_;-H,O]* systems
similar to DFT, a decrease in mean d| ,o of about 0.5 pm for
the st hydration shell is observed. This may indicate that an

3.2 Ln™ binding energies, hydration energies, hydration
entropies and Gibbs free energies of hydration

Corresponding to
Ln*"(g) + (Hx0)u(2) — [Ln(H,0),* " (2), (6)

ZPE-corrected gas phase binding energies D, of [Ln"(H,0),]>*
with respect to water clusters of equivalent size are given in
Table 3. The gas phase binding energies D, increase with
increasing Z due to decreasing ion radii and therefore shorter
Ln™O distances accompanied by stronger electrostatic inter-
actions. D, increases also with s because more water molecules
are involved in coordination, yet the per-molecule binding
energy decreases with increasing /# which is attributed to the
growing importance of H,O-H,O steric interaction and repul-
sion within the 1st hydration shell. In order to consider hydra-
tion energies AEy according to

Ln*"(g) + (H,0)u(aq) — [Ln(H0),J " (aq), (7

Dy is not a sufficient quantity of description since it neglects
bulk phase interactions that were addressed by single-point
energy calculations of [Ln™(H,0),>* and (H,0), within the

Table 3 Negative gas phase binding energies -D, (first column) according to reaction 6 and difference in AEscry between [Ln'"(H,0),* " and
(H,0),, (second column) for DFT-BP86 and SCS-MP2 level of theory (in eV)

DFT-BP86 [Ln"(H,0),]> " SCS-MP2 [Ln"(H,0),]> "

h=1 h=8 h=9 h=17 h=8 h=9
La  —1597 —1596 —16.62 —1555 —17.14 —1496 —1608 —1627 —1694 —1565 —17.68 —15.06
Ce  —-1629 1617 —1693 —1559  —1745 —1501  —1639 —1629 —17.26 —1569 —17.98  —15.11
Pr —1659 —1620 —1723  —1564 —1773 —1506 —1670 —1632 —17.56 —1574 —1828  —15.16
Nd  —1687 —1623 —1752  —1568 —1800 —1510 —1698 —1634 —1785 —1578  —I855  —15.20
Pm 1714 -1626 —17.78 —1572  —1825  —1514 —1726 —1637 —I18.12 —1582 —I18.80  —15.24
Sm —1740  —1628  —1803  —1575 —1849  —1518  —1557 —1639  —1838  —1586  —19.05 —15.28
Eu 1766 —1632 —1829 —1579  —I1873 —1522  —17.79 —1642 —I18.65 —1589  —1930  —1532
Gd  —1790 —1634 —1853  —1583  —1895 —1525 —18.03 —l1644 —I1889  —1593  —19.52  —1535
Tb  —I18.15 1637 —I1877 —1586 —19.18  —1529  —1829  —1647 —19.14 1596 —19.75  —15.39
Dy 1839 —1641  —1901  —1590 —1940 —1532 —18.54 —1651  —1938  —1600 —19.97  —1542
Ho  —18.63 —1643 —1924 —1593 —19.61 —1535 —1878  —16.53 —19.62 —1603 —20.19 —1547
Er  —1887 —1646 —1946 —1597  —19.82  —1540 —19.03 1656 —19.85 —1606 —2040  —15.50
Tm  —19.08 —1648 —19.67 —1600 —2001  —1543  —1926 —16.58 —20.08 —1610 —20.60 —15.53
Yb  —1931  —1651 —1989  —1603  —2021  —1546 —1948  —l16.61  —2029 —1613 —2080 —15.56
Lu  —1947 —1654 —2004 —1605 —2035 —1547 —19.63 —16.63 —2043 —l6.15 -2093 1557
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COSMO-SCRF. Then the hydration energy is defined according
to eqn (1) with

AEscrr = Escre(ILn"(H0), ") — Escre((H20),)  (8)

as the difference in COSMO-SCREF stabilization energies given
in Table 3. AEscrr increases in magnitude with increasing Z
because of decreasing PCM cavity size whereas the opposite
trend is observed with increasing 4. Quantitatively, the Ln™
hydration energies are very similar and almost the same for
h = 17,8, 9 at the DFT-BP86 level of theory. SCS-MP2
AEscrr values are generally more negative than DFT results
but i = 7 yields slightly less negative hydration energies at the
SCS-MP2 level (cf. Fig. 5). The similarity in magnitude of
different hydration numbers can be explained by a simul-
taneous increase of Dy and absolute decrease of AEgcrg With
increasing /1 (¢f. Table 3) so that the sensitive interaction
of binding and SCREF stabilization energies determines the
hydration number which yields the largest (most negative)
hydration energy. In particular, this is # = 8 for all lanthanides
at the DFT-BP86 level and for the late lanthanides at the
SCS-MP2 level. For the early lanthanides at the SCS-MP2
level itis & = 9.

Entropies of hydration AS}; needed for Gibbs free energies
of hydration where calculated according to

ASy ~ 8°([Ln" (H,0),]*") — °(Ln ") — 5°((H,0),)
)

where the entropies on the right hand side are absolute
entropies of the involved species. For Ln™ the values were taken
from work of Bratsch and Lagowski,>® while the other entropies
were calculated with the FREEH module of TURBOMOLE.
Calculated hydration entropies (¢f. Fig. 6) are, as expected, all
negative and their trend with increasing Z is identical for all
primary hydration numbers and methods used since the gas
phase entropies of Ln™ employed in the calculation were all
the same tabulated values. Although AS}; values from MP2
calculations are larger in magnitude than these obtained by
DFT, all values are generally smaller than available experi-
mental data’ due to the approximative calculation scheme of
hydration entropies using gas phase structures and frequencies.

h=7 ——

-32 h=8 —x— 1
> = —_—
5 - —
33 h=8 —x— 1
< h=9 —x—
? -34 ]
5
g3 \‘\\\
= \\
= NN

&
J3

566 58 60 62 64 66 68 70 T2
nuclear charge number Z

Fig. 5 Hydration energies of Ln" calculated using eqn (1) for

[Ln" (H,0),** and hydration number # = 7, 8, 9. Solid lines indicate
DFT-BP86 and dashed lines SCS-MP2 results.
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Fig. 6 Hydration entropies of Ln"™ calculated using eqn (9) for

hydration numbers 4 = 7, 8, 9. Solid lines indicate DFT-BP86 and
dashed lines MP2 results.

However they are in comparable range with the experimental
values in contrast to the results when / single water molecules
instead of a water cluster (H,O),, are involved in the thermo-
dynamic cycle (c¢f. Fig. 1) and the entropy calculation according
to eqn (9). In the latter calculation scheme the absolute
entropy of water molecules in their liquid phase is overestimated
since the water molecules were considered independently is
assumed which is an approximation to the behavior of an ideal
gas and certainly not suitable for descriptions in liquid phase.

Finally, the standard Gibbs free energies of hydration of
Ln™ were approximated using eqn (2) and the gas phase
molecular structures of (H,O), and [Ln"(H,O),]>". The
absolute enthalpies H® were calculated according to

H® = Egee + Ugrue + RT, (10)

where E is the purely electronic energy and Uy, the inner
energy from vibration and rotation. Since the enthalpy of
Ln™(g) is neither available experimentally nor by quantum
chemical calculations, it was approximated by 2.5RT + Ege.
which is the expression for an ideal gas. This approximation
may seem unjustified yet the error introduced by it is far below
1% of the calculated standard Gibbs energies of hydration.
Since AGY; is dominated by AEe., approximations in —7TASY;
and AUy, should therefore be qualified as less critical.
Calculated AGY}, values agree well with both sets of experi-
mental values (c¢f. Fig. 7) regarding the behavior with increasing
Z and the magnitude of the values. The DFT-BP86 values are
closer to the lower end of the spectrum spanned by experi-
mental data whereas the SCS-MP2 results are found very well
in between both experimental sets. As expected, AGY; increases
in magnitude with increasing Z since Dy and AEscrg which
are the dominant contributors to the Gibbs free energy of
hydration increase as well. As SCS-MP2 predicts slightly
stronger binding energies, the predicted AGY; is also larger.
The hydration number has generally less influence than expected
as AGY; is very similar for different /. At the SCS-MP2 level of
theory AGY; for h = 7 is slightly lower than for &/ = 8, 9. The
very smooth decrease in AGY, is attributed to our 4f-in-core PP
approach and the inherent average over several electronic
states. When treating f electrons explicitly a somewhat less
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Fig. 7 Ln'" Gibbs free energies of hydration calculated according to
eqn (2) for primary hydration numbers 2 = 7, 8, 9 at the DFT-BP86
(top) and SCS-MP2 (bottom) level of theory. Experimental results
were taken from the work of David, Vokhmin and Ionova (1)*° and of
Marcus (2).”

smooth behavior with more irregularities is expected. It should
be noted however that such irregularities might also be
artefacts which arise from a DFT treatment of the open f
shells, e.g. due to near-degeneracy errors resulting in incorrect
splittings of the Ln™ state by the ligand field.”® Calculations
using the SPPs®* % and the DFT-BP86 yield AGY, values of
—3120 and —3520 kJ mol™' for lanthanum and lutetium,
respectively. These results are also in good agreement with the
DFT-BP86 and SCS-MP?2 results obtained with the 4f-in-core
LPPs (cf. Fig. 7).

3.3 Preferred primary hydration numbers

In order to address the question of preferred primary hydra-
tion numbers we use a similar approach to that used before in
our treatment of the An™ hydration’® based on the addition in
eqn (5). The reaction is a hypothetical transfer of a water
molecule from the 2nd to the 1st hydration shell and is related
to the difference in the chemical potential of [Ln"(H,0),]>*
and [Ln"(H,0),_;-H,O*. The preferred primary hydration
number /* is then defined as the largest / that still yields
AEans < 0. AE.ns increases almost smoothly with Z for
h = 8,9 and both quantum chemical methods (¢f. Fig. 8). This
was expected since with increasing Z the Ln™-O distances
decrease and the repulsion between water molecules makes

8
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= 9 _____ - |
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Fig. 8 Reaction energy AE,,,s according to eqn (5) for &1 = §, 9.
Solid lines indicate DFT-BP86 and dashed lines SCS-MP2 results.

higher primary hydration numbers more unfavorable. For
DFT-BP86, AFE;..,s is negative for all lanthanides except for
Yb and Lu for the transfer from 2 = 7 to h = 8, whereas the
transfer of 2 = 8 to h = 9 is always positive indicating that 8
(7 for Yb and Lu) is the preferred primary hydration number.
This is not in good agreement with experimental work which
predicts a gradual change® from & = 9 to & = 8 between Sm
and Tb. In contrast, SCS-MP2 predicts AE,;,,s for the transfer
from 7 to 8 strongly negative with values between —20 and
—30 kJ mol™!. For the transfer from 8 to 9, AEq s iS
calculated decreasingly negative for La to Sm. Starting with
Eu the transfer energies become positive indicating the change
in preferred primary hydration 4* from 9 to 8 which agrees
very well with the mentioned experimental evidence. Regarding
the small absolute value of AE,,, for the two preceding and
following elements of Eu, it is assumed that fluctuations
between both primary hydration numbers occur.

A more detailed analysis reveals that the inclusion of the
influence of higher hydration shells, here accomplished by
COSMO PCM, is in fact necessary to predict proper preferred
primary hydration numbers. Otherwise without COSMO
included, reaction (5) is always positive for the change from
h=7toh=28orfromh = 8toh = 9for DFT level of theory
meaning that primary hydration number 7 is preferred over 8
and 9. The reasons for this behavior are generally slightly
higher gas phase binding Dy for [Ln"(H,0),_;-H,O]’ " than
for [Ln"(H,0),]> " whereas AEgcrp is larger (more negative)
for the latter one so that in pure gas phase [Ln"(H,0),,_1-H,O> *
is always preferred. Regarding the too low predicted primary
hydration numbers at the DFT level of theory we assume that
repulsion between water molecules is overestimated at that
level of theory. Investigations*> on [Gd"(H,O)*" in the
extrapolated basis set limit for DFT-BP86, SCS-MP2 and
CCSD(T) indicate that pure DFT binding energies without
ligand-ligand interaction are even sligthly too large (4.79 eV
(DFT-BP86); 4.58 ¢V (SCS-MP2); 4.63 ¢V (CCSD(T))) in
comparison with other methods which leaves the over-
estimated water—water repulsion in the primary hydration
shell at the DFT level as one possible explanation for under-
estimated hydration numbers. Other possible explanations
are inaccuracies in the DFT description of dispersion
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interactions”” and the overestimated hydrogen bonding

strength’®” and therefore underestimated hydrogen bond
distances which cause too negative AFEscrp stabilization
energies for the [Ln"(H,0),_;-H,O" systems so that they
are energetically favoured over the [Ln™(H,0),]’ " systems. At
the SCS-MP?2 level the pure binding energies without ligand—
ligand interaction agree well with CCSD(T) results (4.58 eV vs.
4.63 eV) and additionally water—water repulsion in the primary
hydration sphere does not seem to be overestimated which is
reflected by generally shorter Ln—O-distances for [Ln"(H,0),J>*
at the MP2 level in comparison with distances calculated at the
at the DFT level (¢f. Fig. 3) This observation is in line with
recent results”® that currently used DFT functionals have to be
applied with caution to heavy metal aqua ions even if the
problem of capturing static correlation is circumvented by the
use of f-in-core PPs.

4. Conclusion

In this work we calculated gas phase molecular structures,
binding energies, approximative hydration energies and entropies
as well as Gibbs free energies of hydration for [Ln"(H,0),]>*
systems with 4 = 7, 8, 9. Our computational approach
included the usage of scalar-relativistic Ln™ 4f-in-core pseudo-
potentials at the DFT and (SCS)-MP2 levels of theory in
combination with the COSMO continuum solvation model.
At the DFT-BPS§6 level of theory the results are qualitatively
in good agreement with existent experimental®>*%>"> and
theoretical®> ?° data. Results obtained by (SCS)-MP2 can be
considered quantitatively good since both the preferred
primary hydration numbers and Gibbs free energies of hydration
are predicted in line with experimental data. Mean absolute
deviations from both sets®®’® of experimental data are
36 kJ mol™' (1.1%) and 45 kJ mol™"' (1.3%), respectively.
Therefore the use of 4f-in-core approximation has not only
proven to be applicable to [Ln"(H,O),’" but also yields
results in reasonable agreement with experiment. The same
holds for the computational approach to model the first
hydration shell explicitly with DFT or SCS-MP2 and to
approximate the influence of other hydration shells by use of
a continuum solvation model. However our calculations
predicted too small primary hydration numbers at the DFT
level which is attributed to overestimated hydrogen bonding
strengh.

We come to the conclusion that further improvement of the
computational approach requires geometry optimizations
within the COSMO-SCRF or a similar continuum solvation
model that is carefully parameterized and likely non-default.
This should yield structures which are in better agreement with
experiment than the DFT results presented in this work. To
our knowledge optimizations within the COSMO-SCRF are
extremely difficult for systems like [Ln"(H,O),]*" due to
convergency problems and a significant number of high-order
saddle points. Improvement by an explicit treatment of higher
hydration shells will require methods like molecular dynamics
(MD) simulations to average over the large number of struc-
tural configurations which is nearly impossible with a static
quantum-chemcial approach. We also belive that the explicit
treament of more electrons, e.g. the 4f-shell, of the metal will

not have a significant impact on the obtained results due to
non-participation of the 4f-orbitals in bonding. Moreover the
use of DFT methods for the dicussed systems which posses
a multi-reference character will introduce more errors, i.e.
near-degeneracy errors, than the use of the 4f-in-core PPs does.
All these points make computational investigations concerning
aqueous chemistry of metal ions, which have open electron
shells and high coordination numbers, still a challenging task.
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